ABSTRACT: Acute myocardial infarction (heart attack) is the fifth leading cause of death in the United States (Dariush et al. Circulation 2015, 131, e29-e322). This highlights the needs for early, rapid, and sensitive detection of its occurrence and severity through assaying cardiac biomarkers in human fluids. Herein we report chip-based fabrication of the first label-free, nanoplasmonic biosensor to assay cardiac Troponin T (cTnT) in human biofluids (plasma, serum, and urine) with high specificity. The sensing mechanism is based on the adsorption model that measures the localized surface plasmon resonance (LSPR) wavelength shift of anti-cTnT functionalized gold triangular nanoprisms (Au TNPs) induced by change of their local dielectric environment upon binding of cTnT. We demonstrate that controlled manipulation of sensing volume and decay length of Au TNPs together with the appropriate surface functionalization and immobilization of anti-cTnT onto TNPs allows us to achieve a limit of detection (LOD) of our cTnT assay at attomolar concentration (~15 aM) in human plasma. This LOD is at least 50 fold more sensitive than that of other label-free techniques. Furthermore, we demonstrate excellent sensitivity of our sensors in human serum and urine. Importantly, the strategy of our chip-based fabrication is extremely reproducible. We believe our powerful analytical tool for detection of cTnT directly in human biofluids using this highly reproducible, label-free LSPR sensor will have great potential for early diagnosis of heart attack and thus increase patients' survival rate.
INTRODUCTION
Over the last 20 years, the field of analytical chemistry has witnessed tremendous progress in label-free quantification of biomolecules in complex biological media utilizing the unique optical properties of noble metal (Ag and Au) nanoparticles. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] These nanoparticles display unique localized surface plasmon resonance (LSPR) properties 1, 4, 6, 13 originating from the coherent oscillation of conduction electrons on their surface when excited by incident photons. In addition to size and shape of a nanoparticle, the local dielectric environment modulates its LSPR frequency. 14 In this context, ultrasensitive and novel biosensors can be developed by characterizing the LSPR response (extinction or absorption peak position and intensity) of nanoparticles as a function of the changes in their local dielectric environment. 6, [15] [16] [17] In this article, we report the first quantification of cardiac Troponin-T (cTnT) in diverse human biofluids (plasma, serum, and urine) utilizing a LSPR biosensor. Our chip-based LSPR cTnT biosensor provides a limit of detection (LOD) as low as 507 fg/L, which is 10 4 fold more sensitive than the commercial Elecys troponin T electrolumi-nescense immunoassay (ECLIA, 4 th generation, Roche Diagnostic) 18 and at least 50 fold lower than other label-free analytical techniques. 19, 20 The initial LSPR biosensor work by the Chilkoti 21 and Van Duyne 13 groups demonstrated that in chip-based sensors, fabrication requires three important steps: (i) Immobilization of chemicallysynthesized/lithographically-fabricated nanoparticles onto suitable transparent solid substrates.
(ii) Functionalization of the nanoparticle surface with analyte-specific receptors (bio-recognition molecules) that results in fabrication of LSPR biosensors. (3) Assay of analytes through incubation of biosensors in which analyte binding to receptors alters the local refractive index (R.I.) of the nanoparticles inducing a change in the LSPR properties. This change could be either in the form of a variation in the peak intensity or as a shift in the LSPR peak position (∆λLSPR). 4, 13 This LSPRbased quantification of biomolecules closely resembles the analytical models demonstrated by Arnold and coworkers 22 and Stenberg et al. 23 for quantification of surface-bound proteins.
In the context of the LSPR-based bioanalytical sensing mechanism, there are several nanoscale structural parameters that control the overall performance of the sensor. The size and shape of the nanoparticles are critical factors in maximizing the sensor response. More precisely, these structural parameters control the electromagnetic (EM)-field enhancement, 6, 8, 24 sensing volume, and decay length that together determine the sensitivity. Moreover, as mentioned above, design of every LSPR-based biosensor requires functionalization of the nanoparticle surface with a receptor. 4, 8, 25 Thus linker length, which positions the analyte-receptor complex, and the density of receptors are important. Therefore, to prepare LSPR biosensors with unique function and applications, a quantitative understanding of the manner in which sensing volume, decay length, and surface ligand structural parameters influence nanoparticle optical response during the assay is needed. Note that glass substrate is commonly used in chip-based fabrication of biosensors.
In this article, we study the effects of sensing volume of gold triangular nanoprisms (Au TNPs) on ultrasensitive detection of cTnT as a model analyte. Our chip-based fabrication of the nanoplasmonic cTnT biosensor was performed according to Fig. 1 . Our experimental data show that the decay length of Au TNPs that is controlled by varying the number of methylene unit of alkylthiols, plays a critical role in achieving high sensitivity with reduced non-specificity in undiluted human plasma. We also investigated the influence of receptor (anti-cTnT) concentration attached to the surface of Au TNPs to obtain maximum sensitivity without compromising the selectivity. Taken together, we determine that a biosensor constructed with (i) an ~42 nm edge-length Au TNP, (ii) 1.7 nm distance between Au TNP and anti-cTnT, and (iii) an 8:2 ratio of receptor-to-spacer provides LODs of 7.2, 14.5, 21.9 aM in phosphate buffer saline (PBS), human plasma, and human serum, respectively. Furthermore, we also show that our chip-based fabrication methodology is highly reproducible in which biosensors fabricated six months apart (batch-to-batch variation) produced nearly identical sensitivity. Owing to the enormous importance of cTnT in human health where >10 ng/L level is considered to be high risk for Myocardial Infarction (MCI), [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] we expect that our simple, cost-effective, and ultrasensitive assay in real human biofluids will be capable of detecting the potentially minute change in cTnT concentrations in symptom-free (chest, back, or jaw pain, and stable coronary artery disease) and poorly differentiated cases and allow interpretation to prevent heart attack by early diagnosis, thereby greatly improving patient survival. 36 Finally, our determination of the most influential nanoscale structural parameters and our methodology to control surface functionalization and immobilization of receptors will provide experimental benchmarks for the fabrication of ultrasensitive biosensors to quantitatively study a variety of important protein-protein interactions. (c) For optimization of cTnT binding sites, we used MUDA/NT SAMs of varying mole ratios. After the SAM preparation, coverslips were washed with plenty of ethanol and then extinction spectra were collected. Next, SAM-modified Au TNPs were incubated in a PBS buffer solution containing 6 EDC/NHS (0.2 M each) for 2h to activate the carboxylic group. The coverslips were then placed into a solution containing 10.0 µg/L of sheep-anti-TnT, incubated overnight at room temperature, then washed with a copious amount of PBS buffer, and stored in buffer for further use. This produced our chip-based format LSPR biosensors. The biosensors were then used to determine the LODs in PBS buffer and various biological fluids (pure human plasma and serum, and 50% human urine) by incubating for 8-12 h in different concentrations of cTnT, which were prepared through serial dilution. An ~2.5 mL of cTnT solution is required to incubate 5 LSPR cTnT biosensors. 
RESULTS AND DISCUSSION
Optimization of Sensing Volume of Chip-Based LSPR cTnT Biosensor. We selected Au TNPs to fabricate our LSPR biosensors for their unique structural and optical properties as delineated below:
(i) In order use the LSPR biosensors as analytical tools it is important to perform measurements under normal atmosphere and in actual biofluids. Non-noble metal nanoparticles such as copper and aluminum are susceptible to corrosion under these conditions. 37 Although silver nanoparticles display very high LSPR sensitivity, they undergo fast photooxidation in air under physiological conditions, and thus optical measurements are generally performed under more inert conditions.
(ii) TNPs demonstrate strong EM-field enhancement at their sharp tips and edges [38] [39] [40] and are thus capable of providing higher sensitivity than spherical gold nanoparticles or nanorods. 6 Although nanostars could provide better sensitivity 41 due to the presence of multiple arms with sharp tips in their structure, controlling the overall size and arm length is extremely difficult. Therefore, large batch-to-batch variations in their structure could result in large deviations in analytical measurements. A few other geometries of Au such as nanorice, nanorings, and nanoshells provide high LSPR sensitivity but, they display λLSPR >900 nm. 6 This spectral region is not ideal for biosensing applications in part because of high background absorption and scattering from endogeneous chromophores in biofluids (e.g., plasma, serum, urine). In this context, the spectral region between 700-900 nm is the most suitable for LSPR-based biosensing and we can utilize this by controlling the edge-length of the Au TNPs. 42 (iii) TNPs display larger sensing volume than spherical/disk-shaped nanoparticles. Furthermore, this volume can be controlled by varying their edge-lengths while maintaining their thickness, and longer edge-length TNPs provide larger LSPR sensing volume (Vs). 13 The Vs is defined as the fixed volume surrounding a TNP that contains 95% of its sensitivity. 43 We first chemically synthesized 34, 42, and 47 nm average edge-length Au TNPs that displayed LSPR dipole extinction peak (λLSPR) at 750, 800, and 820 nm, respectively (Fig. S1 ), using our pub- TNPs bound onto glass coverslips. Based on our published work, these Au TNPs are found to be nearly same (± 1.5 nm) thickness. [44] [45] [46] [47] A representative atomic force microscopy image is shown in Fig. 2D . We investigated three nanoscale structural parameters to maximize the biosensor response, and further evaluated the sensor performance in quantifying cTnT in complex biofluids. of the biosensors before and after cTnT incubation were calculated from the center of the LSPR peak, which was used to determine LODs (Fig. 1E) . We also determined the step-wise λLSPR shifts of the other two edge-length Au TNPs (Fig. 2F) . We indeed observed that the largest edge-length Au TNPs displayed the highest shift as a consequence of their highest sensing volume. 21 Importantly, the concentration-dependent λLSPR shifts are found to be linear at lower cTnT concentration (Fig. 3) . These experimental values are critical in terms of detecting low abundance biomolecules, which has been found challenging using LSPR biosensors. 49 Nevertheless, the lowest LOD of 0.9 ng/L (26 fM) is ~13 fold better than the commercial instrument, which is commonly used to quantify cTnT levels in patients with cardiovascular diseases. 18 It is important to mention that we did not consider the effect of potential plasmonic coupling between the adjacent Au TNPs that could enhance the overall sensitivity. plotted in log scale to examine the non-specific adsorption of proteins at the lower concentration range, as is routinely used to characterize the sensitivity of the LSPR biosensors. 21, 50 Our LSPR cTnT biosensors with the best sensitivity were prepared with 47 nm edge-length Au
TNPs and displayed an LOD of 26 fM in PBS buffer. This is in agreement with the literature that the largest nanostructures display the highest sensitivity because of their largest sensing volume.
However, the various required surface functionalizations in the process of sensors fabrication for this edge-length Au TNPs resulted a λLSPR peak in the near-infrared region at ∼910 nm (see Figure   S2 ). Here the water absorption peak can potentially interfere with the λLSPR maximum of Au TNPs and cause misleading LOD values. To avoid potential challenges in precise quantification of cTnT in complex biological fluids using our biosensors, we decided to use 42 nm edge length Au TNPs (LOD = 2.2 pM) for further investigation of the effects of decay length.
Standardization of Surface Chemistry and Decay Length of LSPR cTnT Biosensors.
The equation below reported by Campbell and coworkers to quantify the overall response of surface plasmon resonance sensors 51 is commonly used to characterize the sensitivity of LSPR biosensors: 13
Here ∆n is the change in refractive index caused by the analyte adsorption, m is the refractive index sensitivity, r is the distance between the nanostructure surface and analyte, and L is the EMfield decay length. This equation shows that ∆λLSPR decreases exponentially as r increases because of the exponential decrease of the EM-field. According to our previous experimental determination, the EM-field decay length of 34, 42, and 47 nm edge-length Au TNPs are 22, 24, and 26 nm, respectively. 42 Therefore, we hypothesize that the sensitivity of our LSPR-based cTnT biosensor will increase as distance between the Au TNP and anti-cTnT receptor decreases, which can be achieved by shorting the chain length of the alkylthiols used in the SAM. To validate our hypothesis, as described before, we selected MUDA/NT and MHNA/HT SAMs to fabricate our biosensors.
We followed the same fabrication strategy as described for the MHDA/DDT SAM. 4 shows the concentration dependent λLSPR shifts for our cTnT biosensors that were prepared with three different spacer length SAMs. As expected, the sensor prepared with MHNA/HT SAM provided the shortest distance between the nanostructure and analyte, and produced the lowest LOD of 3 fM (see Table S3 and S4). (i) Firstly, there was a large variation between performance with different sensors as observed with the large error bars in ∆λLSPR. This could have resulted from nonspecific adsorption of analyte as a consequence of defects in the MHNA/HT SAMs, which contained alkylthiols with 6 methylene units. It is known that for formation of a perfectly packed SAM of alkylthiols on a gold surface (i.e., without the presence of defects or pinholes), a minimum of 9 methylene units is required. 52 (ii) Secondly, non-linearity was observed in the concentration range of 3.5 -350 ng/L (Fig. 4, red   squares ). This concentration range is critical because a patient with cTnT concentration >10 ng/L can be identified potential risk for MCI. 29, 34 (iii) Thirdly, a shorter distance between the nanostructure and receptor will induce long-range attractive forces originating from the underlying solid substrate, which results in error in the analysis. 53 Thus, a relative larger distance is required to reduce such forces.
(iv) Finally, for potential application it is extremely important to examine the selectivity of our LSPR cTnT biosensors. Therefore, we performed two important control experiments on our sen- (Fig. S4 and Fig. S5) . Therefore, the actual sensor ( Fig. 1) design involving MHNA/HT SAM has the possibility of providing false positive responses. In contrast, the negligible shift observed for MUDA/NT SAM is within the instrument noise level. In the second control experiment, we selected cTnT sensors, which were prepared with both the above-mentioned SAMs and then incubated in 35 ng/L tropomyosin, a protein that is present in the heart muscle and is also released during a heart attack. Clearly for practical application, it is very important to study the selectivity of our chip format LSPR cTnT biosensor. Fig. S5 illustrates UV-visible extinction spectra of our sensors constructed with two different SAMs before and after tropomyosin incubation. The sensor constructed with MUDA/NT SAM displayed no noticeable λLSPR shift, whereas an ~4 nm ∆λLSPR was observed with the sensor constructed with MHNA/HT SAM, indicating a nonspecific response of the sensor in the later case. We should mention that this 4 nm shift corresponds to a concentration of 2.4 ng/L (see Table S3 ), which is within the concentration range of patients with the risk of a heart attack. Based on our experimental data and literature reports, our LSPR biosensor constructed with MUDA/NT SAMs is more capable of avoiding false positive responses in terms of nonspecific adsorption of an important unwanted analyte on the sensors sur-face. Thus, we selected MUDA/NT SAM for chip-based fabrication of our LSPR cTnT biosensor as part of our further investigation.
Enhancement of cTnT Binding onto LSPR cTnT Biosensors.
In addition to the sensing volume and decay length of metal nanostructures, the number of receptor sites present on the LSPR biosensor directly influences the λLSPR shift, as reported by Chilkoti and coworkers for Au nanorods as described by Eq. 2. 43
Here S0 is bulk R.I. sensitivity, ∆RI is the difference in R.I. between the analyte and the medium, and N and VA are the number of molecules bound to the sensor and volume of the analyte molecule, respectively.
Using Eq. 2 we hypothesize that by increasing the number of cTnT binding sites while not causing steric and/or electrostatic repulsion between anti-cTnT molecules and thus decreasing nonspecific analytes adsorption, we will be able to increase the sensitivity of our LSPR cTnT sensor. To validate our hypothesis, we selected 42 nm edge-length Au TNPs and MUDA/NT SAMs to keep sensing volume and decay length, respectively, to their optimum values and best selectivity for chip-based cTnT biosensor fabrication as described above. Then N was varied by changing the ratio of MUDA:NT (Eq. 2). We expect that an increase of MUDA concentration on the Au TNP surface would increase the number of receptor anti-cTnT sites on the sensor and thus more cTnT would bind, resulting in larger λLSPR shifts. Fig. S6 shows the LSPR shift of our sensor before and after incubation in 1750 ng/L cTnT in PBS buffer. Table S5 summarizes the average ∆λLSPR value for four different ratios. The highest ∆λLSPR we observed of 11.5 nm for 8:2 MUDA/NT is in agreement with our hypothesis and Eq. 2. We did not investigate the sensor responses for 100% MUDA SAM because the presence of a spacer in SAMs is extremely important in reducing repulsion between the receptor sites and avoiding the non-specific adsorption of analytes in LSPR biosensors, as reported in the literature. 10, 43, 49 Therefore, we determined that the best nanoscale structural parameters for chip-based fabrication of our LSPR cTnT biosensor are: (i) an ~42 nm edge-length Au TNPoptimization of sensing volume, (ii) 1.7 nm distance between Au TNP and anti-cTnT -standardization of decay length (MUDA/NT SAMs), and (iii) an 8:2 ratio of receptor-to-spacer -enhancement of cTnT binding (MUDA:NT SAMs). Based on these optimized parameters, we determined the LOD of cTnT in PBS buffer and found it to be 7.2 aM (Fig. 5A) . To the best of our knowledge, this is the best sensitivity for cTnT detection reported in the literature. 19 More importantly, our LOD is nearly 50 times better than recently reported for label-free detection of cTnT using a diode-based electrochemical technique, which requires a complex fabrication strategy. 19 As shown in Fig. 5B , we calculated the KD value by fitting the data to a Langmuir isotherm and found it to be 4.23 x 10 -7 M in PBS buffer. This result suggests that the target protein cTnT has relative strong affinity toward its antibody. Under our experimental conditions where the LOD reaches to few tens of aM, the cTnTs can easily detach from the sensors surface because of their relatively high KD value. This could be a potential reason from the deviation of linearity at such very low concentration. Surprisingly, even though the KD value is relatively high for cTnT, the ultrasensitive nature of our LSPR biosensor, which was constructed with appropriate optimization of structural parameters, allowed us to assay concentration as low as 3.5 x 10 -4 ng/L with a LOD of 251 x 10 -6 ng/L in PBS buffer. Potential applicability of chip-based LSPR cTnT biosensor for point-of-care diagnostics.
Over the last 10 years there has been a growing interest in LSPR-based assays as label-free, low cost medical diagnostic tools. To meet the needs not only of point-of-care diagnostics but also potential laboratory applications, it is important that the LSPR biosensors be able to assay analytes in complex biofluids, such as plasma, serum, urine, etc. With the aim of potential biomedical applications, we examined the working capability of our chip-based LSPR cTnT biosensor in undiluted human plasma and serum, and 50% human urine. We prepared a cTnT stock solution using these biological fluids and then lowered the cTnT concentrations through a series of dilutions with the respective biological fluids. The sensor was fabricated using our optimized parameters as described for PBS buffer. Fig. 6A illustrates concentration-dependent average ∆λLSPR value of our cTnT biosensors in the three different fluids. The LODs in plasma and serum were determined to be ~14 and 22 aM, respectively, where as the LOD value is slightly higher (1.9 fM) in urine (see Table S6 and Table S7 ). ted line) to determine the KD value of 1.1 x 10 -5 M. The linear detection ranges of cTnT for plasma, serum, and urine were 0.0175-35, 0.0035-3.5, and 3.5-350 ng/L, respectively.
Considering that tens of thousand of proteins are present in these complex human biofluids, our results, specifically the sensitivity and selectivity of the cTnT assay in human plasma and serum, is outstanding. Strikingly, the LOD we determined in undiluted plasma (~14 aM) is more than 10 3 times better than that the LOD reported for cTnT detection of ~300 fM using a microfluidic diodebased device monitoring current-voltage response in undiluted human serum. 19 Furthermore, our sensor in plasma displays 4 x 10 3 times better LOD than the electrochemicaly determined cTnT concentration involving a ZnO nanostructure. 20 Table S8 shows a comparison of LODs reported for different cTnT detection methods. Importantly, to the best of our knowledge, our label-free LSPR-based cTnT assay displayed the lowest LOD in the literature. This highlights the unique advantage of designing and utilizing LSPR biosensors to assay disease biomarkers with an unprecedentedly low LOD. Surprisingly, we observed a high value of LOD and large variation of ∆λLSPR values in urine. One would expect better sensitivity of the LSPR biosensors in urine in comparison to either plasma and/or serum because of a relatively lower concentration of proteins, thus reducing nonspecific binding onto the sensor surface. We believe that the high urea concentration in urine screens the interaction between anti-cTnT and cTnT, resulting in low sensitivity. The calculated high KD value of cTnT in urine of 1.1 x 10 -5 M (see Fig. 6B ) shows nearly 100 fold less affinity toward its antibody in comparison to the other two human biofluids (Fig. S7) .
CONCLUSIONS
In conclusion, our systematic study unravels the effects of various nanoscale parameters, which modulate the overall sensitivity of our chip-based format LSPR biosensor. This plasmonic nanosensor uses LSPR shifts to quantitate an important disease biomarker without complicated fabrication strategies. Our sensor displayed LOD as low as ~250 x 10 -6 ng/L in untreated human plasma, and also showed feasibility of working in other human biofuilds (serum and urine) in a concentration range much lower than that of the commercial ECLIA instrument from Roche Diagnostic. 18 Importantly, development of our LSPR-based assay provides several guiding principles in the fabrication of optical-based biosensors: Firstly, longer edge length (larger sensing volume) Au
TNPs display the highest sensitivity for cTnT detection, however their near infra-red LSPR peak position could potentially be interfered with by overlapping with the absorption peaks of water and other biomolecules. Thus, metal nanostructures with LSPR peaks in the near infrared region should be avoided for sensor fabrication. Secondly, appropriate selection of SAM length, which connects receptor and nanostructure and positions the anti-cTnT at the appropriate EM-field decay length is also critical to reducing non-specific adsorption of biomolecules on the surface of sensor while maintain the highest sensitivity. Additionally, increasing the number of receptor molecules on the surface of Au TNPs while reducing the steric and/or electrostatic repulsion between analytes is critical to achieving highest sensitivity. Taken together, we have determined that the following structural parameters are the best combination for assaying cTnT: (i) an ~42 nm edgelength Au TNP, (ii) 1.7 nm distance between Au TNP and anti-cTnT using MUDA/NT SAMs, and (iii) an 8:2 ratio of receptor-to-spacer. We believe that our work on control manipulation of surface functionalization and immobilization of bio-recognition molecules will provide an experimental benchmark for the fabrication of chip-based format, ultrasensitive nanoplasmonic biosensors. Finally, we have demonstrated excellent reproducibility (batch-to-batch variation) of our sensor fabrication technique, and thus it has the potential for chip-based technology development for practical applications for early diagnosis of heart attack. 29, 34 Though, our bioseneors demonstrate exceptional LOD for cTnT detection but this sensor may not be able to quantitatively determine cTnT concentration from a single cell extracts.
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